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When an observer pursues an object moving away from him or her, both eyes rotate in the opposite direction, and this type of dis-
conjugate eye movement can generate eye movement-induced disparities in the case of dynamic objects that are present around the pur-
suit object. Such disparities are not usually generated by conjugate eye movement. The aim of this study was to determine whether eye
movement-induced disparities could be calibrated with eye position information. Observers were requested to judge the slant of an object
deﬁned by the spatiotemporal pattern of occlusion during disconjugate eye movement. Interestingly, the observers’ perception of the
slant of the target object was systematically distorted, although the perceptual distortion decreased somewhat in the presence of a salient
reference around the target. This suggests that eye movement-induced disparities are not calibrated properly with eye position
information.
 2006 Elsevier Ltd. All rights reserved.
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The eﬀect of pursuit eye movement on spatial vision has
been extensively examined in previous studies, and various
types of tasks have been employed to accomplish this: (a)
whether the static background is perceived as moving dur-
ing pursuit eye movement (Ehrenstein, Mateef, & Hohns-
bein, 1986; Mack & Herman, 1973), (b) whether pursuit
eye movement aﬀects the perceived speed of an object
(Brenner & van den Berg, 1994), or (c) whether the per-
ceived position of ﬂashes are aﬀected by pursuit eye move-
ment (Brenner & Cornelissen, 2000; Mateeﬀ, Yakimoﬀ, &
Dimirtrov, 1981; Mita, Hironaka, & Koike, 1950). It
should be noted that observers performed conjugate eye
movements in the above studies. Conjugate eye movement
is not the only eye movement that is performed in real life.
We frequently encounter a situation in which disconjugate0042-6989/$ - see front matter  2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.visres.2005.11.032
* Fax: +82 2 941 5429.
E-mail address: hyung@kw.ac.kr.eye movement needs to be performed to pursue objects that
are translating in the depth dimension.
One way to evaluate the eﬀect of pursuit eye movement
on perceptual judgments is by presenting retinal informa-
tion sequentially while subject’s eyes are moving (Brenner
& Cornelissen, 2000; Stoper, 1967), and Li, Brenner, Cor-
nellissen, and Kim (2002) developed a new paradigm for
studying the eﬀect of pursuit eye movement on 2D shape
perception. In Li et al., the 2D shape of a target object
was deﬁned by making the contour of the object unfold
in a sequential manner. Without having a contour that will
appear to move itself, the object was deﬁned with the
sequential pattern of occlusion of a moving line. Fig. 1A
indicates an opaque object displaying the same luminance
as the background. The object is typically not visible in this
situation. However, if a luminance-deﬁned horizontal line
moves downward behind the opaque object, and the part
of the line that passes behind the object is occluded, the
object then ﬁnally becomes visible. When observers are
asked to pursue a dot that moves in a right direction, both
eyes perform conjugate eye movements and the pursuit dot
line motion
pursuit dot
Pursuit dot
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Fig. 1. The target object employed by Li et al., which was deﬁned by the spatiotemporal pattern of occlusion and the variation of retinal images depending
on the type of pursuit eye movement. (A) A target square is deﬁned by the spatiotemporal pattern of occlusion of the vertical movement of a horizontal
line moving behind the target itself while observers are requested to pursue the pursuit dot. (B) The retinal images in both eyes when the stimulus
illustrated in (A) was presented while the subjects were pursuing a dot moving to the right in a frontal plane. Note that both eyes rotate in the same
direction and the images formed in both retina are the same. (C) The retinal images in both eyes when the stimulus illustrated in (A) was presented while
subjects were pursuing a dot moving away from an observer. Note that both eyes rotate in the opposite direction and the images formed in both retinas are
quite diﬀerent. (D) Retinal images in both eyes when the direction of disconjugate eye movement is the opposite of (C).
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horizontal line would be projected into a diﬀerent location
in the retina, and the retinal image would be quite diﬀerent
from the screen image. Li et al. showed that observers per-
ceived a parallelogram corresponding to the retinal image
rather than a rectangle that is the actual physical stimulus
on the screen. This indicates that the visual system simply
ignores certain types of extraretinal information.
When observers were asked to pursue a pursuit dot
translating in a 2D frontal plane (see Fig. 1B), both eyes
rotate in the same direction and the images that are formed
in both retinas are the same. On the other hand, when
observers perform disconjugate eye movements to pursue
a pursuit dot moving away from the observer, both eyes
rotate in the opposite direction and the images projected
onto the retinas in both eyes would be diﬀerent parallelo-
grams, generating non-zero disparities between the top
and the bottom sides of the parallelogram (see Fig. 1C).
From here on, the disparity generated by disconjugate
eye movement will be referred to as ‘eye movement-induced
disparity’. The direction of eye movement-induced dispari-
ty would be the opposite when observers perform disconju-gate eye movement in the opposite direction, as shown in
Fig. 1D. There are two possibilities for what observers
would perceive when eye movement-induced disparities
are generated. One is the veridical slant of the object, that
is, observers would perceive that the top and the bottom
sides of the object are at the same depth from them. The
other is that the top and bottom sides of the object are in
diﬀerent depths. The ﬁrst possibility assumes that the visual
system can compensate for eye movement-induced dispar-
ity with extraretinal information for disconjugate eye
movements. The second possibility, however, assumes that
the visual system fails to properly compensate for eye
movement-induced disparity. These possibilities were
examined by measuring observers’ perception of the slant
(i.e., the relative depth of the top and the bottom sides)
of a spatiotemporally deﬁned object, as illustrated in
Fig. 1A.
2. Experiment 1
If the pursuit dot translates in the depth dimension to
the extent that disconjugate eye movements generate an
2330 Hyung-Chul O. Li / Vision Research 46 (2006) 2328–2335eye movement-induced disparity that exceeds Panum’s
fusional area, then binocular rivalry would occur and it
would be very diﬃcult for subjects to judge the slant of
the object. In order to prevent the possibility of binocular
rivalry, the movement of the pursuit dot should be restrict-
ed to a limited range. Experiment 1 was designed to exam-
ine whether eye movement-induced disparity was generated
when subjects perform a restricted amount of disconjugate
eye movement.
2.1. Methods
2.1.1. Subjects
Three observers who had no knowledge of the purpose
of the research, and one author participated in the experi-
ment. All of the observers had normal (corrected) vision.
2.1.2. The stimuli
The stimuli were generated with a PowerMac G4/450
and displayed on a 1700 LG Flatron 795 FT Plus video
monitor (1268 H · 768 V pixel resolution: 85 Hz frame
rate), using the Matlab and Psychophysics Toolbox (Brai-
nard, 1997; Pelli, 1997). The target object was deﬁned by
the spatiotemporal pattern of occlusion, as deﬁned in the
study reported by Li et al. A horizontal line (5.9 deg,
116.4 cd/m2) passed vertically behind a square-shaped
object (1.8 deg · 1.8 deg) displaying the same luminance
(56.8 cd/m2) as the background, at a speed of 6.7 deg/s.
In order to simulate a pursuit dot moving in the depth
dimension, the pursuit dots that were presented to both
eyes were manipulated so as to move in opposite directions
in the horizontal dimension (see Fig. 2A). The pursuit dot
moved horizontally 0.197, 0.384, or 0.958 deg around the
center of the target object for 588 ms. The speed of the pur-
suit dot was 0.335, 0.67 or 1.68 deg/s. The movement of the
horizontal line and the pursuit dot were synchronized. The
stimulus was comprised of 50 frames (588 ms) and 353 ms
were required for the target object to be deﬁned by the ver-
tical movement of the horizontal line. In each trial, the tar-
get object was randomly presented to one eye while the
pursuit dot was presented to both eyes. In order to makeFig. 2. The schematic stereograms employed in Experiments 1 and 2. (A) Sch
where the pursuit dot moves away from the observer. The target object, illust
schematic stereograms employed in Experiment 2. The pursuit dot, in this exam
Fig. 1 was presented to both eyes.the fusion of the two images easier, all the stimuli were pre-
sented inside a luminance-deﬁned rectangle (7.9 deg · 11.8
deg).
2.1.3. Procedures
A session was comprised of 60 trials and each session
was repeated four times for each subject: two directions
of pursuit eye movements (moving toward vs. away from
the subject) · two locations of target object presentations
(left vs. right eye) · three amounts of pursuit dot move-
ment (0.197, 0.394, and 0.985 deg) · ﬁve replications. All
the conditions in each session were randomized. In each tri-
al, the static pursuit dot was presented ﬁrst, and subjects
were instructed to press a keyboard button whenever they
were ready to pursue the dot. Immediately after the button
was pressed, the pursuit dot moved in the depth dimension
and the subjects pursued the pursuit dot. Immediately after
the subjects performed disconjugate eye movement, they
reported the perceived 2D shape of the target object in a
2AFC (2 Alternative-Forced-Choice) task. They pressed
‘‘1’’ if the top side, compared to the bottom side of the
object, was perceived as being inclined toward the left.
They pressed ‘‘2’’ in the opposite case. In a trial, the sub-
jects were permitted to observe the stimulus as much as
they wished. Another trial automatically started when a tri-
al ended. A chin rest was used to minimize the head move-
ment of the subjects, and the viewing distance was 45 cm.
The vergence angle to the screen was about 8 deg. The sub-
jects observed the kinematic stereograms via a mirror-type
stereoscope. The ﬁrst session was regarded as a practice
session, and the data obtained from the last three sessions
were included in the data analysis.
2.2. Results and discussions
In the data analysis, we calculated the proportion in
which the target appeared as a slanted rectangle was consis-
tent with the retinal image. This proportion was quite sim-
ilar over the two pursuit directions, and the patterns of
results across all subjects were quite similar as well.
Fig. 3 indicates the proportion reporting a perceptual dis-ematic stereograms employed in Experiment 1. This shows only the case
rated as dotted square here, was presented to one eye randomly. (B) The
ple, moves away from an observer, and the target object as illustrated in
Pursuit Dot Movement (deg)
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Fig. 3. Results of Experiment 1: the proportion in which the target
appeared as a slanted rectangle being consistent with a retinal image along
with the amount of pursuit dot movement. The target object was presented
to one eye.
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Fig. 4. The results of Experiment 2: the proportion in which the target
surface appeared slanted being consistent with eye movement-induced
disparity.
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amount of pursuit eye movement. The performances of the
subjects were much higher than 50%, the chance level, in all
the ranges of the eye movement, and this implies that the
retinal image is distorted by pursuit eye movement and
eye movement-induced disparities are generated by discon-
jugate eye movement.
The latency of vergence eye movements made in
response to a 2 deg step change in stimulus disparity is
known to be between 130 and 250 ms (Rashbass & West-
heimer, 1961). This latency, however, decreases when sub-
jects initiate the motion of pursuit target, i.e., they
anticipate its motion (Erkelens, Van der Steen, Steinman,
& Collewijn, 1989), because in this situation vergence eye
movements starts even before the stimulus moves. Some
amount of vergence latency was possible in the present
research, however, it should be noted that the target shape
was deﬁned in part of the disconjugate eye movement in
each trial, and subjects initiated the motion of the pursuit
target and were allowed to observe the stimulus as much
as they wished. Thus, it is very unlikely that vergence laten-
cy had ay eﬀect on the results.
3. Experiment 2
We infer that eye movement-induced disparity between
the top and bottom sides of the object (i.e., Fig. 1A) is gen-
erated by disconjugate eye movement, based on the results
of Experiment 1. In Experiment 2, we examined the issue of
whether eye movement-induced disparities could be com-
pensated for with eye position information.
3.1. Methods
3.1.1. Subjects
The subjects who had participated in Experiment 1 also
participated in Experiment 2.3.1.2. The stimuli
The stimuli in Experiment 2 were basically the same as
those in Experiment 1, except that the target object was
presented to both eyes in Experiment 2. (see Fig. 2B).
3.1.3. Procedures
The procedures in Experiment 2 were basically the same
as those in Experiment 1, except for the subjects’ task. In
Experiment 2, the subjects’ task was a 2AFC task on the
3D slant of the target object. They pressed ‘‘1’’ if the top
side of the object appeared to be inclined toward subject,
and ‘‘2’’ in the other case. An experimental session was
composed of 30 trials and the session was repeated four
times for each subject: two directions of pursuit eye move-
ment · three amounts of pursuit dot movement · ﬁve rep-
lications. In each session, all the conditions were
randomized.
3.2. Results and discussions
If the visual system fails to compensate for eye move-
ment-induced disparities, the subjects would perceive the
target object slanted around the horizontal axis. Because
the direction of eye movement-induced disparity depends
on the pursuit direction, the direction of the perceived slant
of the target object would depend on the direction of the
disconjugate eye movement. We calculated the proportion
in which the target object appeared to be slanted being con-
sistent with the eye movement-induced disparity. No signif-
icant diﬀerence was found in the subjects’ performances
between the diﬀerent directions of disconjugate eye move-
ments. Fig. 4 shows the proportion of perceptual distortion
in the 3D slant, averaged over the subjects. The proportion
of the perceptual distortions in all the ranges of the move-
ment of the pursuit dot was signiﬁcantly higher than 50%,
the chance level. These results imply that eye movement-in-
duced disparities are not compensated by extraretinal eye
position information.
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In Experiment 2, we showed that disconjugate eye
movement led to the perceptual distortion in the 3D slant
of an object. Despite the fact that disconjugate eye move-
ment is not a rare event in life, we usually do not experience
perceptual distortion in a 3D slant. What could be the rea-
son for this? The ﬁrst is that the luminance values of the
target object and the background in Experiment 2 were
the same, although they are usually diﬀerent in real life.
This unusual luminance manipulation might have caused
the perceptual distortion in the 3D slant. The second is that
various types of reference objects around a target object are
present in a natural situation. It should be noted that, when
a static reference rectangle exists around the target deﬁned
by the sequentially unfolding contour, the temporary rela-
tive horizontal location between the reference rectangle and
every part of the sequentially unfolding contour of the
object would remain constant in a retinal image regardless
of the subject’s eye movement. This is true even when the
retinal shape of the object varies, depending on eye move-
ment. Although the ﬁnal retinal shape of the sequentially
deﬁned target object is deformed by eye movement and is
diﬀerent from that of reference rectangle, every part of
the sequentially unfolding contour is generated in the con-
stant horizontal position relative to the reference rectangle
on the retina because the reference rectangle translates as
the target shape is deformed in the retina by eye move-
ments. If the visual system succeeds in exploiting constant
information of the relative horizontal location between the
reference and target contour, veridical slant perception
would be achieved. These possibilities were examined in
Experiment 3.
4.1. Methods
4.1.1. Subjects
The subjects who had participated in Experiment 1 and
Experiment 2 also participated in Experiment 3.Fig. 5. The schematic diagram of target object displaying diﬀerent luminance
occlusion of the vertically moving horizontal line. The occluded part was man
generate the target object having diﬀerent luminance from the background (righ
illustrated in the left ﬁgure.4.1.2. The stimuli
The stimuli employed in Experiment 3 were similar to
those used in Experiment 2, except that the target object
could have a diﬀerent luminance with the background,
and that a salient reference was present near the target
object. The control of luminance of the target object was
achieved by manipulating the luminance of the occluded
part of the horizontal line: same (64 cd/m2) as or diﬀerent
(94 cd/m2) from that of the background (see Fig. 5). Exper-
imental conditions were examined with and without a ref-
erence stimulus, independent of the luminance
manipulation of the target object. The distance between
the reference and the target object was manipulated in
two levels (0 or 0.39 deg) and the luminance of the refer-
ence was manipulated in three levels in order to control
its visibility (66, 83, or 109 cd/m2, while the background
luminance was ﬁxed at 64 cd/m2). The last two variables
were included to explore reference properties that could
aﬀect the perceptual distortion of the 3D slant during dis-
conjugate eye movement.
4.1.3. Procedures
An experimental session was composed of 112 trials; the
reference was present in 96 trials (two luminance levels of
target · two distance levels · three luminance levels of ref-
erence · two pursuit directions · two pursuit amounts ·
two directions of horizontal line) and was absent in the
other 16 trials. The conditions were randomized in each
of the sessions. The subject’s task was exactly the same as
described in Experiment 2, the 2AFC of reporting the per-
ceived slant of the target. Each subject repeated the session
ﬁve times, and the ﬁrst session was regarded as a practice
session.
4.2. Results and discussions
Fig. 6A shows the proportion in which the target
surface appeared slanted being consistent with eye
movement-induced disparity in Experiment 3, averagedfrom the background, which was deﬁned by the spatiotemporal pattern of
ipulated so as to have a diﬀerent luminance from the background (left) to
t). The right graph shows the perception of the subjects for the stimulus as
same
different
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reference size
1.183 deg
1.97 deg
ig. 6. The proportion in which the target surface appeared slanted being
onsistent with eye movement-induced disparity along with the presence of
eference (A) and along with reference luminance (B) in Experiment 3.
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c
rover the subjects. Whether the luminance of the target
was the same as the background or not has no eﬀect
on the perceptual distortion. This implies that the target
does not necessarily have the same luminance as the
background for a perceptual distortion of 3D slant to
be observed. Interestingly, the proportion of perceptual
distortion was much higher in the absence of a salient
reference. It became much higher when the reference
was located far from the target and when the luminance
of the reference was low (see Fig. 6B). The proportion
of perceptual distortion was about 68% when the refer-
ence was present, whereas it was 95% when it was
absent. This implies that eye movement-induced dispar-
ities can be compensated for with reference information
in the processing of 3D information and that the
amount of compensation may depend on the visibility
of the reference and the distance between the reference
and the target.5. General discussion
The purpose of the present research was to determine
whether the visual system compensates for eye move-
ment-induced disparities using eye position information.
Experiment 1 conﬁrmed that eye movement-induced dis-
parity was generated by disconjugate eye movement. In
Experiment 2, the target object lying in a frontal plane
appeared to be slanted around a horizontal axis, consistent
with eye movement-induced disparities. These results imply
that eye movement-induced disparities may not be com-
pensated for properly with eye position information.
The binocular disparity for the depth of an object does
not provide absolute information on the depth of the
object. It decreases in proportion to the square of the dis-
tance between the object and the observer. The visual sys-
tem needs to integrate the viewing distance and disparities
in order to perceive a constant depth. Some researchers
have argued that constant depth representation is acquired
if the visual system succeeds in ﬁnding out ‘‘disparity cur-
vature,’’ the second derivative of the disparities, which is
constant for some depth regardless of the viewing distance
(Rogers & Cagenello, 1989). On the contrary, others have
suggested that disparity information needs calibration with
viewing distance for depth constancy to be accomplished
(Cormack & Fox, 1984; Johnston, 1991; Ono & Comer-
ford, 1977; Ritter, 1977; Wallach & Zuckerman, 1963)
and that a variety of information could be employed for
disparity calibration depending on the viewing distance.
Ono and Comerford showed that the manipulation of
accommodation and vergence aﬀected perceived depth
and that vergence could be a valid cue for distances of
up to 2 m in the absence of other cues. Johnston showed
that the incorrect estimation of viewing distance might
result in an underestimation of the depth of an object. Con-
sistent with Johnston’s suggestion, Patterson and Martin
(1992) proposed that factors that disrupt the scaling of dis-
parity by distance information as well as the disparity com-
putation might lead to nonveridical depth perception. The
possibility that eye movement-induced disparities are cali-
brated with eye position information in a similar manner
as that suggested by Johnston cannot be excluded. The sys-
tematic perceptual distortion of 3D slant observed in the
present research implies that even if eye movement-induced
disparities are calibrated by eye position information, this
calibration is not perfect. The present research does not
conclude that the Johnston type of compensation mecha-
nism does not work but that the compensation of eye
movement-induced disparity is not altogether satisfactory
for cases of veridical slant perception. Whether the com-
pensation of eye movement-induced disparity requires a
binocular mechanism or two monocular mechanisms
remains to be solved in future research.
Misjudgment of the 3D slant of a frontoparallel surface
has been reported in other studies as well as in the present
research, but there are distinctive diﬀerences. Ogle (1938,
1939) conducted a series of experiments on the perception
2334 Hyung-Chul O. Li / Vision Research 46 (2006) 2328–2335of the slant of a surface. When the image of one eye for a
surface lying in a frontal plane was horizontally magniﬁed
relative to the image in the other eye, it appeared to slant
away from the eye seeing the smaller image. The opposite
direction of perceptual slant distortion was observed when
the image that was smaller along the horizontal meridian
was made smaller along the vertical meridian. Ogle referred
to the former as a geometry eﬀect and the latter as an
induced eﬀect (see Howard & Rogers (1995) for reviews
of these eﬀects). However, there are some distinctive diﬀer-
ences between the present research and Ogle’s. The surface
appeared slanted around the horizontal axis in the present
research, while it appeared slanted around the vertical axis
in Ogle’s study. More importantly, the phenomenon in the
present research is based on eye movement-induced dispar-
ity generated by disconjugate eye movements, while that in
Ogle is irrelevant to eye movement but is based on the mag-
niﬁcation of the horizontal or vertical size of the image pro-
jected to one eye relative to the other eye. It should be
noted that eye movement-induced disparity can be calibrat-
ed with eye position information for veridical slant percep-
tion while the other two eﬀects cannot.
As indicated previously, when we pursue an object
moving in a 3D space, any dynamic object might pro-
duce eye movement-induced disparities. Unlike the
results from Experiment 2 that shows the systematic per-
ceptual distortion of 3D slant, observers usually do not
experience this type of perceptual distortion of 3D slant
in everyday life. What is the mechanism of this veridical
perception of 3D slant in a situation where observers do
disconjugate eye movement? As shown in Experiment 3,
the amount of perceptual distortion decreased in the
presence of a reference, but the perceptual distortion
did not disappear completely. This implies that the visual
system might exploit the reference information. However,
it should be noted that both the calibration mechanism
and the use of reference information do not completely
explain the veridical perception of 3D slant during dis-
conjugate eye movement in every day life.
Someone might argue that another possible reason for
the veridical 3D slant perception during disconjugate eye
movement in everyday life would be that objects are not
typically deﬁned by sequential implicit information in the
manner created in the present research. However, this pos-
sibility does not answer the question of why we veridically
perceive the 3D slant of the path of a moving object during
disconjugate eye movement although eye movement-in-
duced disparity is generated for the path of the moving
object by disconjugate eye movement. Another issue is
why we usually do not experience perceptual distortion
from watching a raster-based projection system like a TV
set which deﬁnes objects sequentially. Usually it takes
about 17 ms for a TV set to project a screen image while
about 353 ms was required for the target object to be
deﬁned in the present research. To examine whether the
temporal parameter plays a critical role in experiencing
the phenomenon of perceptual distortion of 3D slantduring disconjugate eye movements, the time required to
deﬁne the target object was manipulated in a control
experiment: 169, 112, 79, and 45 ms. Three subjects were
used. The average proportions in which the target surface
appeared to be slanted being consistent with eye move-
ment-induced disparity were 95%, 83%, 93%, and 96%,
respectively for conditions of 169, 112, 79, and 45 ms.
These proportions are quite similar with those obtained
in the main experiments. This implies that a temporal
parameter does not play a critical role in the phenomenon
observed in the present research, and suggested that fur-
ther research will be required to explain the veridical per-
ception of 3D slant during disconjugate eye movement in
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